Abstract-Printed conductive traces on flexible substrates offer many potential applications in the area of wearable electronics, ranging from search and rescue operations to health and physiological monitoring. The literature abounds on the effect of sintering conditions on the dc electrical resistivity of printed traces, due to the applications considered which fall in the lower frequency domain (megahertz range). There is a growing interest to investigate wireless body area networks for wearable electronics operating in the higher frequencies, due to the advantages involved. At present, there is a little information available on the radio frequency performance of printed interconnects, and this work seeks to investigate the effect of the paste property on the dc conductivity and high-frequency performance (≤30 GHz) of interconnects. The results obtained suggest that paste leveling has a significant influence on the dc electrical performance. In addition, the dc conductivity values are possibly affected by the adhesion of the paste onto the particular substrate during the printing process, which was observed to have a significant effect on the quality and thicknesses of the traces printed. Last, the influence of the dc conductivity on the highfrequency performance of interconnects is investigated, where the measured results are validated with simulation results.
I. INTRODUCTION
T HE emergence of the Internet of Things is anticipated to become a reality in the future when sensors and internet connectivity would enable individual devices to communicate. In particular, the merging of wireless technology with consumer electronics has made wearable electronics increasingly pervasive in everyday life, with applications spanning from the health and physiological monitoring of the wearer (e.g., patients and athletes) to military operations. Currently, most wireless body area networks (WBANs) for wearable electronics operate in the IEEE 802.15.4 Zigbee standard [1] , and there is a growing interest to investigate the performance of BAN in the millimeter waveband (e.g., 60-GHz band) due to the potential advantages. One advantage lies in the higher data rates which can be obtained, which translates to reduced transmission times. Another advantage lies in the increased security and lower interference with adjacent WBANs, due to the stronger attenuation of these signals in the atmosphere.
The conductive traces for wearable electronics can be realized using various techniques, among which are screen printing and inkjet printing. Yet, the electrical performances of printed traces in the higher frequency range (gigahertz range) have been subjected to little investigation to date [2] . Rather, work abounds on the effect of sintering conditions on the dc electrical resistivity of printed traces [2] - [7] , due to the applications considered which are in the lower frequency domain (FD) (e.g., RFID tags operating at megahertz frequencies and solar cells). While, Kim et al. [2] reported the radio frequency (RF) characterization of inkjet-printed transmission lines up to 30 GHz on silicon, little information was available on whether the RF results were realistic or within a reasonable benchmark. In addition, Salmerón et al. [8] used a 2.5-D electromagnetic simulator to evaluate the electrical performance of transmission lines against the fabricated structures, but only up to a frequency of 1.2 GHz. In addition, the simulator is not able to take into account conductor loss effects arising from the finite thickness and conductivity of the actual printed 3-D structure.
Due to a lack of research, there is little information available on the RF performance of printed interconnects. Printed interconnects in this context refer to those obtained by screen printing, but the methodology proposed would be applicable for other types of printed interconnects (e.g., inkjet-printed traces).
The main objective of this paper is to investigate the influence of the paste property on the dc conductivity of printed interconnects across a substrate, and the corresponding RF performance up to 30 GHz. In this case, the focus is not on modifying the paste formulation or properties, but on understanding how specific paste properties affect the electrical performance of printed interconnects. The RF measurements are validated with simulation models, which take into account nonideal transmission line characteristics (typically neglected during the design and modeling process), so as to accurately predict the RF response. To date, there exists little literature that reports on the dc conductivity variation of printed samples across a substrate since most researchers focus on 2156-3950 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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measuring samples for repeatability [2] or samples of a different variety [9] , [10] .
II. MATERIALS

A. Substrate
The substrate used in this paper (RO3006) is a ceramicfilled polytetrafluoroethylene (PTFE) laminate typically used for high-frequency applications [11] , with dielectric properties well characterized up to 40 GHz (dielectric constant = 6.15 ± 0.15 and loss tangent = 0.002) [11] . The laminate is supplied in a 12 × 9 in sheet with a laminate thickness of 1.28 mm and 17 μm electrodeposited copper on both sides. In order to prepare a single-sided laminate, the copper on one side of the laminate was chemically removed using the standard printed circuit board process-lamination, UV exposure, development, etching, and stripping. The single-sided laminate is used for the trace deposition using screen printing. The reference substrate used in this paper is borosilicate glass (Borofloat 33), which has 1-mm thickness (dielectric constant = 4.6 and loss tangent = 37 × 10 −4 at 1 MHz).
B. Silver Pastes
Two nanoparticle-based silver pastes were used in this paper, which were selected based on their suitability for fine line printing. The first paste is Rexalpha (RA FS 088, Toyo Co. 
III. METHODOLOGY
The methodology used in this paper is outlined in Fig. 1 , with the aim of designing 50-coplanar waveguide (CPW) transmission line structures. This necessitates a trial test to be performed to determine the paste spread for the silver paste and substrate combination used. The test structures for this trial include 50-CPW structures (designed) with zero spread. In addition, the other CPW structures were considered, with the dimensions compensated to consider paste spread ranging from 25 to 150 μm. The assumption made is that the paste spreads equally in the x-direction for both the signal and ground traces. The details of the compensated dimensions for a 250-μm pitch structure are shown in Table I . The CPW structures are designed with 250-and 500-μm pitch to allow for RF measurements using ground-signal-ground (GSG) probes. After the paste spread has been determined, the final 50-structures can then be designed and realized via screen printing.
A number of techniques were used to characterize the samples in order to extract the trace profile and evaluate the electrical performance (dc and RF). These include four-point probe measurements to obtain the dc resistivity of the printed traces. The trace profiles (e.g., signal width and signal-ground spacing) were characterized using a noncontact measurement technique. The data from these characterizations were then used to construct a simulation model in Computer Simulation Technology (CST) [9] , which is a 3-D electromagnetic simulator. After validating the simulation model and optimizing it (in terms of meshing), the simulation results are correlated with the RF measurements. A good correlation would then provide guidelines for the modeling of printed traces up to 30 GHz. If a poor correlation is obtained, the measured data used for the simulation model would be reconsidered. In addition, the assumptions made for the simulation model would be revisited.
IV. TEST STRUCTURES An overview of the screen mask is shown in Fig. 2(a) . The screen mask is divided into four regions, where the test structures are repeated in each region. This is to determine the repeatability of the printed test structures across the four regions (i.e., across different regions of the substrate).
With reference to Fig. 2 , each region comprises the following test structures. 
A. 50-CPW Transmission Lines
The transmission lines are designed for RO3006 and glass substrates. The linewidth/spacing (w/s) of the CPW dimensions for RO3006 is 150/75 μm. The CPW line lengths are 7 and 15 mm.
B. Four-Point Probe Test Structures
These are positioned adjacent to the CPW transmission lines (shown in Fig. 2 ), such that an in situ measurement of the dc resistivity could be made for each CPW line for the simulation correlation. The rationale is that using an average conductivity value for the simulation correlation may not suffice, thus the need for four-point probe structures to be placed beside the measured CPW lines for in situ measurements. The widths of the test structures correspond to the signal (w) and ground (g) dimensions of the CPW lines, and there are four samples per width located in each region.
V. SIMULATION MODEL
The CPW structure is simulated using a time domain (TD) solver in CST, which is suitable for the evaluation of electrically large structures. The solver uses hexahedral meshing to simulate the structures. The accuracy set for the simulation to terminate is −40 dB. Due to the symmetry of the reflection and transmission behavior of the signals, the S-parameter symmetry option (S 11 = S 22 ) is utilized in the simulation. Through this setting, the simulation time can be reduced as the solver considers only the essential simulation runs.
Due to the small thickness of the printed silver traces (8 to 9 μm), the calculated skin depth was within the same order of magnitude of the thicknesses at 30 GHz. This necessitated dense meshing within the trace thickness in order to capture the transmission line loss arising from the skin effect. In addition, the meshing at the trace edges was refined to capture the current crowding effect in those areas. The 3-D model was validated by comparing the S-parameter results to those obtained from an FD solver available in the same software. The FD solver uses a different meshing (tetrahedral meshing) to simulate a structure and is more typically used for electrically small structures. From Fig. 3 , a good match in the S-parameter results is obtained for a 7-mm CPW structure on RO3006. The variation observed between the two sets of results could be attributed to numerical error and the material characterization in the solvers, as the material properties are considered differently between the FD and TD models.
VI. EXPERIMENTAL DETAILS A. Screen Printing
A manual screen printer (TOPRO ZT320) was used for the screen printing, which had a suction function to hold the substrate in place on the metal chuck. In addition, tape was used to fix the four sides of the RO3006 substrate to the chuck, as a slight warpage was observed for the PTFE-based substrate. A screen size of 320 × 320 mm 2 was used, with a mesh count of 640 (i.e., 640 threads/in), an emulsion thickness of 7 μm, and an open area of 39%. A mesh tilt of 22.5°was used for the screen. The test structures shown in Fig. 2 were fabricated in a smaller area of 100 × 100 mm 2 . This is due to the limitation on the total design area possible (with respect to the screen size) in order to maintain the dimensional accuracy of the printed structures. Specifically, the usable area was set at 100 × 100 mm 2 in accordance with the guideline of limiting the ratio between the design area and frame size to be within 1/9.
Prior to printing, the sample surfaces were cleaned with acetone and dried using nitrogen gas. The squeegee durometer (i.e., physical hardness) used for printing is 80-85, and the print speed is around 200 mm/s. The off-contact distance between the mesh and substrate was set at 1.5 mm. The samples were thermally cured at 130°C for 1.5 h after printing.
B. Characterizing the CPW Transmission Line Profile
To obtain a good correlation between simulation and measurement results, an accurate evaluation of the transmission line dimensions for use in the simulation model is critical. Fig. 4 is a schematic showing the evaluation of the transmission line dimensions, where the transmission line is divided into N sections.
The entire transmission line profile is scanned using the 3-D noncontact measurement system (LEXT OLS-4100, Olympus) using a ×20 objective lens that had a field of view of 80 μm. In particular, a differential interference contrast (DIC)-laser imaging option was used for the scan. This option provides a more accurate view of uneven surfaces (in range of a few nanometers to a few micrometers) and is used for the RO3006 substrate, which has nonnegligible surface roughness. During measurements, the brightness from the lens is automatically adjusted at each acquisition position.
During the postprocessing, leveling was performed for the scanned transmission line images. For glass substrates, an "inclination profile" option was used. However, a manual correction was performed for the RO3006 substrate, which displayed warpage after thermal curing, as RO3006 is a soft substrate. In this case, the trace profile was corrected through the selection of three points on the image so as to specify the inclination plane for which to correct. A profile width function was then used to extract the parameters of individual sections of the transmission line (Fig. 4) . These parameters include the linewidth, height, cross-sectional area, and trace edge angles. Each section was defined to be around 10%-20% of the total transmission line length, from which the averaged values of the respective parameters were obtained. The number of sections (N) considered for the RO3006 substrate was increased because some of the areas of the substrate are warped. As a result, the regions that can be considered level are smaller. In particular, the regions with trace bleeding were not considered in the extraction of the trace width as the corresponding thicknesses were observed to be negligible. Aoki et al. [12] observed that the bleeding regions are not connected and as such may not contribute to the current flow.
Using the methodology described above, the profiles for a CPW structure, as shown in Fig. 5 , were characterized. This includes the signal width (w), the signal-ground spacings (g 1 , g 2 ), the conductor edge angles (θ 1a to θ 3b ), and the conductor thicknesses (t). The average conductor thickness for the signal and ground traces was used for t in the simulation correlation. The angles θ 1a and θ 1b used in the simulation correlation were compensated by 5°since the trace bleed regions on the trace periphery were excluded in the extraction of the trace width. The trace dimensions were extracted with an accuracy of around ±10 μm.
C. Characterizing the DC Test Structure
The same ×20 objective lens with DIC-laser option was used to characterize the dc test structures. The measurements are made for the two ends of the test structures and the results averaged, with the assumption that the dimensions of the test structures are consistent. For each scanned region of the test structure, the average cross-sectional area can be calculated using a postprocessing function. The average trace thickness is determined manually using measurement lines in the software.
D. DC Measurements
The four-point probe measurements were performed using a semiconductor parameter analyser (Agilent 4156C) connected to a dc probe station. The input current range was set from −1 to 1 mA in steps of 10 μA (i.e., 201 data points) and the corresponding voltage obtained from the four point probe structures. Each structure was measured twice, and the average value of two measurements was used to calculate the dc resistivity value. For each region, four samples of 150-μm trace widths and four samples of 690-μm trace widths were measured.
E. RF Measurements
The RF measurement was performed over a frequency range from 0.1 to 30.1 GHz with 201 measurement points. Microwave coplanar probes with 250-μm pitch (40A-GSG-250-DP, GGB Industries Inc.) were used for the measurements. An intermediate frequency bandwidth of 100 Hz was used along with an averaging factor of 64. Prior to measurements, a line-reflect-reflect-match calibration was used and the magnitude of the S 11 parameter for a 600-μm coplanar line standard on the calibration substrate was verified to be ≤−40 dB at 30.1 GHz. The test structure was measured twice for verification. Fig. 6 shows the results obtained for dc test structures on RO3006 with widths of 150 and 690 μm. The widths correspond to the signal and ground dimensions of a CPW line, and the trace thicknesses range from 8 to 9 μm on RO3006 substrate.
VII. RESULTS AND DISCUSSION
A. Paste Characteristics on DC Conductivity
From the results, it can be observed that the average dc conductivity values after 1.5 h of thermal cure were close to that provided by the manufacturer after 30 min of thermal curing (1.25 × 10 6 S/m), which suggests that the dc conductivity may have reached saturation point due to paste fillers present in the formulation. This implies that obtaining lower dc resistivity values may only be possible through the use of a different paste formulation. However, the values were noted to vary across the four regions of the panel in Fig. 6 . For the 150-μm trace widths, the dc conductivity ranges from 1.10 to 1.17 × 10 6 S/m, while for the 690-μm trace widths, the dc conductivity is in the range of 1.02-1.07 × 10 6 S/m. The variation of the dc conductivity values may be attributed to the assumptions made during the extraction of the values using the four-point probe measurement method. This technique assumes for a uniform material (i.e., uniform thickness) over the measurement area. In contrast, the printed traces on RO3006 were observed to yield nonuniform thicknesses, as shown in Fig. 7 .
In Fig. 7(a)-(c) , the red dots/regions observed represent the maximum trace thicknesses. From Fig. 7(a) and (b) , the traces printed onto RO3006 and glass substrates (using paste 1) were observed to yield nonuniform thicknesses. This is also reflected in the corresponding cross-sectional profiles in Fig. 7(d) and(e), where a height variation of 4.8-6.3 μm was observed for printed traces using paste 1. In contrast, a smaller thickness variation of 1.5 μm was observed in Fig. 7(f) for printed traces on glass using paste 2. This particular trace was also observed to have a more uniform thickness from the top profile captured in Fig. 7(c) . Such a phenomenon could be mainly attributed to the paste leveling [13] , [14] after screen printing, which results from the screen mask and paste interaction. Itoh et al. [15] and Buzby and Dobie [14] highlighted that the paste transfer from the screen mask to the substrate is nonideal because the paste adhesion is also affected by the wire meshes and the emulsion side walls apart from the substrate surface. Buzby and Dobie [14] showed that the emulsion side walls are not perfectly smooth, which could have resulted in some paste adhesion to the side walls during printing. In addition, there would be some residual paste on the wire meshes during screen printing.
During the printing process, the paste formulation [13] , [14] influences the extent of adhesion of the paste onto the mesh and substrate, which in turn affects the uniformity profile of the printed trace. Phair et al. [13] suggested that an increased binder content in the paste formulation would increase the adhesion property of the paste onto the mesh, which results in an increased surface roughness of the printed trace. This is consistent with the results obtained in Fig. 7 , and information from the paste datasheets indicates that paste 1 has a higher binder content of 8-10 wt%, compared to a binder content of 5%-7% for paste 2. From the literature [13] , the uniformity profile of the trace resulting from the screen mask-paste interaction has been reported to affect the mechanical and electrochemical characteristics [13] of the trace. The results obtained in this section suggest that this may also have a significant influence on the dc electrical performance.
Another interesting phenomenon was observed in comparing the results between RO3006 and borosilicate glass. From Fig. 8 , the dc conductivity range of the traces on RO3006 was noted to be consistently higher compared to those on borosilicate glass. In particular, the extracted dc conductivity of the traces on RO3006 is around 1.1×10 6 S/m, compared to a range of 5.4 × 10 5 -8 × 10 5 S/m on borosilicate glass. This variation is by a factor of 1.4-2 times. Further investigation using optical microscopy ( Fig. 9 ) reveals the presence of pin holes and mesh marks on the traces printed on borosilicate glass, with corresponding thicknesses of around 6 to 7 μm. In particular, the presence of pin holes would affect the current flow and the measured dc resistances, which are used to calculate the dc conductivity values.
It was also observed that while the trace thicknesses on borosilicate glass are within the recommended optimal trace thickness for paste 1 (6-8 μm) , the values fall in the lower range. From (1)
where t f represents the final trace thickness (after curing), t mesh is the mesh thickness, r open is the opening ratio, t emulsion is the emulsion thickness, and r wet-dry is the wet-to-dry ratio. In this work, t mesh is 21 μm and r wet-dry is 0.70 for paste 1. Along with the paste parameters mentioned in Section V, the calculated t f from (1) is 10.6 μm. However, this value serves only as an estimate as (1) is based on the assumption that the paste is completely transferred from the screen mask to the substrate. Compared to the thickness range of 8 to 9 μm on RO3006, the results on borosilicate glass suggest that the final trace thickness is also affected by the adhesion of the paste onto the substrate, where a substrate with a higher surface roughness possibly results in a stronger adhesion force. Joo [16] suggested that the adhesion force would be reduced for substrate roughness that is an order of magnitude smaller than the particle diameter since the particle-substrate contact area is smaller. In contrast, the adhesion force is expected to increase for substrate roughness, which is comparable to the paste particle dimensions, due to an increased contact area between the paste particles and the substrate surface [16] . In this case, the surface roughness on RO3006 is around 1 μm [17] , and the roughness values on borosilicate glass are below 3 nm [18] . From the focused ion beam scanning electron microscope (FIB-SEM) images in Fig. 10 , the silver paste particle dimensions were observed in the order of hundreds of nanometers.
The relationship between the paste adhesion and the substrate roughness is also suggested by the trace width variation results obtained in Fig. 11 , for designed trace widths of 150 and 690 μm. While the traces deposited on RO3006 have higher thicknesses (8 to 9 μm) compared to borosilicate glass (6 to 7 μm), the corresponding trace spread is also consistently wider across the substrate. This suggests that the paste volume deposited on RO3006 is higher compared to borosilicate glass due to a stronger adhesion of the paste on RO3006. Fig. 12 provides a summary of how the screen mask-paste interaction affects the printed trace profile. Overall, the results necessitate the selection of a suitable paste that yields uniform trace thicknesses, to improve the consistency of the extracted dc conductivity values. This paste selection procedure is recommended before the actual screen printing of the test structures. The results also suggest that due to a variation in the dc conductivity values across the substrate, it is important to obtain accurate dc conductivity values for a good simulation correlation with measurements for the printed transmission lines. It may be due to the conductivity and the presence of pin holes in the screen-printed traces that several researchers are focusing on applications at low frequencies such as RFID [8] , [9] . However, one aim of this paper is to predict the performance of screen-printed traces in the highfrequency region (gigahertz range), in the presence of pin holes.
B. Effect of Trace Edge on RF Performance
The result correlation for a 2-mm CPW line on RO3006 is shown in Fig. 13(a) and (b) . The measured dimensions used in the simulation model are listed in Table II , along with a measured dc conductivity value of 1.1 × 10 6 S/m.
From Fig. 13 , a good correlation can be observed between the simulation and measurement results up to 30 GHz. A discrepancy was observed at low frequency near dc in Fig. 13(a) , which may be due to the desired accuracy not being attained in the low-frequency region. In this case, the maximum simulation time could be increased in the solver. From Fig. 13(b) , the discrepancy between measurement and simulation results could be due to the modeling of the return path loop inductance. In the simulation model, waveguide ports were defined for excitation, where the ports were defined at both ends of the CPW transmission line. In this case, the return path loop inductance of the test structure may not have been fully accounted for as a small segment of the CPW ground ring could not be modeled using the waveguide port setup. However, a similar trend could be observed between the simulation and measurement results in Fig. 13(b) , and the values of the return loss (S 11 ) were observed to be <−15 dB, which suggests that the variation between simulation and measurement results can be considered negligible. In particular, the effect of the trace edges was investigated for the 2-mm transmission line in the result correlation. When sharp trapezoidal edges were used to model the printed traces in the simulation model, the losses (S 21 ) were found to be overestimated by about 14% at 30 GHz, as shown in Fig. 13(a) , with the effect on the return loss being negligible [shown in Fig. 13(b) ]. Specifically, the trace edge profiles considered are shown in Fig. 14 , where the widths of the top (w top ) and bottom surfaces (w btm ) of the traces are modeled as identical, with the same conductor edge angles, with the only difference located in the trace edges. In modeling the trapezoidal corners as curved edges, a good match could be obtained between the simulation and measured results. This effect has been little investigated in the literature [19] , and the results indicate that the trace edge profile may affect CPW structures more significantly due to the confinement of the electric fields around the ground-signal-ground region. This phenomenon also agrees well with the observation made by Azucena et al. [20] , in that the conductor losses are affected by the trace edge profiles of CPW structures since most of the current flows along the trace edges in those structures [20] .
VIII. CONCLUSION
In this paper, the effect of the paste property on the dc conductivity and RF performance of screen-printed traces was investigated. The important results of this paper are summarized as follows.
1) The variation of the printed test structures in terms of the dc conductivity values was investigated for different regions of the substrate. Four-point probe structures were positioned beside each CPW line, such that in situ measurements of the dc conductivity values could be performed. From the results obtained, the average dc conductivity values were observed to vary across different regions of the RO3006 substrate, which may be attributed to the paste leveling after screen printing. This suggests that paste leveling has a significant influence on the dc electrical performance and necessitates a paste selection procedure prior to the actual printing of the test structures. The results also indicate the need for accurate dc conductivity values to be used for the simulation correlation of printed traces since the values may vary across different regions of the substrate depending on the paste formulation and its interaction with the mesh and substrate during printing.
2) The dc conductivity range of the traces on RO3006 was noted to be consistently higher compared to those on borosilicate glass, by a factor of 1.4-2 times. Further investigation revealed the presence of pin holes and mesh marks on the traces printed on borosilicate glass, with thicknesses of around 6 to 7 μm, which are below the recommended paste thickness. The results suggest that the trace quality and thickness are affected by the adhesion of the paste onto the particular substrate during the screen printing process. In this case, a substrate with higher surface roughness (RO3006) possibly results in a stronger adhesion force, due to an increased contact area between the paste particles.
3) The measured RF performance for a 2-mm CPW line was validated with simulation results, where a good correlation was obtained. The results obtained are promising with respect to the goal of obtaining accurate 3-D models to estimate the RF performance of printed traces.
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